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SATURN RADIO WAVES
W. S. Kurth∗and P. Zarka†
Abstract
This paper is designed to summarize what is known about Saturnian radio emis-
sions, relying almost entirely on Voyager observations from 1980 and 1981 and some
remote observations by Ulysses. It also outlines the major radio astronomy objec-
tives for the Cassini radio and plasma wave science (RPWS) investigation. The three
primary known radio emission types at Saturn include Saturn kilometric radiation
(SKR), an auroral radio emission similar to auroral kilometric radiation at Earth
and deca-, hecto-, and broadband kilometric radiation at Jupiter; low–frequency
narrowband and possibly related trapped continuum radiation also similar to emis-
sions seen at Earth and Jupiter; and Saturn electrostatic discharges originating from
lightning in Saturn’s atmosphere. To set the stage for the Cassini mission between
2004 and 2008, we’ll outline a number of open issues and objectives for the Cassini
RPWS investigation. Given the capabilities and excellent sensitivity of the Cassini
RPWS, we anticipate detection of Saturnian radio emissions well before the space-
craft arrives in 2004 and the beginning of studies designed to address the questions
outlined herein and more.
1 Introduction
The Cassini Orbiter is set to begin orbiting Saturn on July 1, 2004, for a four–year tour of
the Saturnian system including the planet and its atmosphere, rings, icy satellites, Titan,
and the magnetosphere. The Huygens probe is carried by Cassini for in situ studies of
Titan’s atmosphere and surface. One of the instruments included in the Cassini Orbiter’s
payload is a radio and plasma wave science (RPWS) investigation which will, among a
number of other studies, be used to complete in–depth studies of Saturn’s radio emissions
[Gurnett et al., 2001b]. This review is to survey our current state of knowledge of Saturn
radio emissions and to highlight a number of issues and questions to be addressed by
the RPWS. We discuss Saturn kilometric radiation (SKR), low–frequency narrowband
and possibly related trapped continuum radiation, and Saturn electrostatic discharges.
We specifically do not attempt to address other objectives of the RPWS investigation
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including plasma waves, thermal plasma measurements, and measurements of dust in the
Saturnian system here. However, these are covered by Gurnett et al. [2001b].
The Cassini RPWS is a highly capable instrument, designed to measure the spectrum
of radio and plasma waves from 1 Hz to 16 MHz with a set of highly capable receivers.
Details of the instrumentation are given in Gurnett et al. [2001b]. However, for the
purposes of this review, we’ll simply mention that the high–frequency receiver built at
the Observatoire de Paris in Meudon will be able to determine all four Stokes parameters
and the directions of arrival of radio emissions in the frequency range above 3.6 kHz.
This receiver has a great deal of flexibility enabling special focus in either temporal or
spectral resolution on particular regions of the spectrum. Furthermore, the high–frequency
receiver combined with the wideband receiver built at the University of Iowa can provide
high spectral and temporal resolutions in the baseband up to 75 kHz and within a 25-
kHz bandpass tunable from 125 kHz to 16 MHz. The radio astronomy capabilities of the
instrument have been shown to be exceptional based on performance during the Venus,
Earth and Jupiter flybys [Gurnett et al., 2001c; Kaiser et al., 2000; Kurth et al., 2001a;
Kurth et al., 2001b; Lecacheux et al., 2001a; Kaiser et al., 2001; Vogl et al., 2001a; and
Gurnett et al., 2001a].
2 Present state of knowledge of Saturn radio emissions
Our present state of knowledge of Saturn radio emissions is based largely on the Voyager
planetary radio astronomy and plasma wave investigations [Warwick et al., 1981, 1982;
Gurnett et al., 1981a; Scarf et al., 1982] and the Ulysses unified radio and plasma wave
investigation [Lecacheux et al., 1997] which has made important contributions despite its
large distance from the planet. Reviews of relevance to this paper include Kaiser et al.
[1984], Kaiser [1989], and Zarka [1998, 2000].
2.1 Saturn Kilometric Radiation
2.1.1 General characteristics
By far the most important Saturnian radio emission is Saturn kilometric radiation ex-
tending from below 20 kHz to as high as 1.2 MHz with a broad peak in the range of
100 to 400 kHz. The emission is typically bursty and displays arc–like structures and
bands, although these are not as well organized as those observed in the Jovian decamet-
ric radiation. Figure 1 shows the average SKR spectrum scaled to 1 AU in comparison
to the spectra of the primary radio emissions of the other planets. Saturn is second in
intensity only to Jupiter, but its spectral range is very similar to that of the remaining
magnetized planets. Figure 2 shows an example frequency–time spectrogram obtained
by the Voyager planetary radio astronomy (PRA) instrument which shows the arc–like
structures and burstiness of these emissions. Galopeau et al. [1989] have modeled the
SKR spectrum based on the cyclotron maser instability and models for the conditions in
the source region (magnetic field, cold plasma density, and the energetic particles which
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Figure 1: The Saturn radio spectrum compared to those from Earth, Jupiter, Uranus, and
Neptune [Zarka, 1998].
radiate) and arrive at a theoretical spectrum which is in very good agreement with that
which is observed. That the model spectral densities are up to an order of magnitude more
than the most intense observed suggests that the emission is never more than marginally
saturated by nonlinear processes. Zarka [1992a] extended this work by deriving the vari-
ations of density and the energy of precipitating electrons in the SKR source region from
parametric fits of the SKR spectra.
Several studies of the SKR source region exist [Kaiser et al., 1981; Kaiser and Desch, 1982;
and Lecacheux and Genova, 1983], but the most recent analysis based on the Voyager PRA
data by Galopeau et al. [1995] uses variations in the polarization along the Voyager 1 and
2 trajectories. Figure 3 summarizes the conjugate source locations derived in this study.
These locations are near 80◦ latitude in the local time (LT) range of 1200–1300 but include
extensions to lower latitude (to about 60◦ latitude) near 0900 LT. The deduced beaming
is along the walls of a hollow cone with a half–apex angle of 60–90◦. The local time
of the low–latitude extension is similar to the location of a Kelvin–Helmholtz instability
observed on the dayside magnetopause by Lepping et al. [1981b], leading Galopeau et al.
to suggest that the K-H instability could be the source of precipitating electrons driving
the generation of the SKR.
Saturn kilometric radiation is 100% circularly polarized and is propagating in the extraor-
dinary mode, hence, is observed to be right–hand polarized from the northern source and
left–hand from the southern source [Kaiser et al., 1980, 1984]. This information plus the
aforementioned conclusive evidence of source regions at high latitudes near the planet
lead directly to the conclusion that SKR is generated via the cyclotron maser instability
[Wu and Lee, 1979] as part of the same process which generates auroras at Saturn. The
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Figure 2: An example of SKR from Voyager 1. The bottom panel shows the intensity of SKR
as a function of frequency and time for a 24–hour interval. Notice the arc–like structures visible
in this presentation. The upper panel shows the sense of polarization. Here the waves are
predominantly right hand (in the radio astronomical sense) and correspond to the right-hand
extraordinary mode (in the plasma sense).
connection between the SKR source and auroras on Saturn has been shown definitively
by the combination of SKR source localization by Galopeau et al. [1995] and auroral
observations by Ge´rard et al. [1995] and Trauger et al. [1998] using UV observations of
the aurora with the Hubble Space Telescope.
2.1.2 Temporal variations
As described below, Voyager observations of Saturn kilometric radiation were used to
determine the radio rotation period of Saturn using the fact that the radio emissions
exhibited a strong modulation at just less than 10 h, 40 min period. Given the Pioneer 11
[Smith et al., 1980] and Voyager 1 and 2 measurements of Saturn’s magnetic field, this
strong rotational modulation quickly became a puzzle, however, since the magnetic field
models, e.g. the Z3 model of Connerney et al. [1984], were axisymmetric. Both terrestrial
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Figure 3: A summary of SKR source locations [Galopeau et al., 1995].
auroral kilometric radiation and the Jovian radio emissions demonstrate strong rotational
modulation, but both of these planets’ magnetic moments are tilted approximately 10◦
from the rotation axis and in the case of Jupiter is offset from the rotational axis. Hence,
the modulation is not surprising. The axisymmetric field at Saturn, however, provides no
obvious means to modulate the radio emissions.
Galopeau et al. [1991] and Galopeau and Zarka [1992a] suggested that a magnetic anomaly
(or asymmetry) in the high–order terms of Saturn’s field might explain the apparent
paradox. Since the high–order terms only involve fields which can be measured very close
to the planet, it is possible that an asymmetry could exist in these terms and the flyby
spacecraft would not be sensitive to it. Galopeau et al. [1991] and Galopeau and Zarka
[1992a] demonstrated this concept by modifying the high–order terms in such a way so
as to match the high–frequency limit variation of the SKR spectrum as a function of
longitude. Connerney and Desch [1992] commented that this expansion is inconsistent
with the spacecraft measurements, hence, the model could not be correct. Ladreiter et
al. [1994a] have developed a similar field model to that of Galopeau et al., but have
constrained it to also match the observed field over the limited geometry afforded by the
flybys. Using techniques similar to Galopeau et al. [1995] and Ladreiter et al. [1994a]
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plus the RPWS direction–finding capability, significant progress should be possible on
further characterizing the magnetic anomaly. Of course, more comprehensive magnetic
field measurements close to Saturn over a broad distribution of longitudes and latitudes
will also be useful, provided they are made close enough to the SKR source. The Cassini
magnetometer (MAG) investigation [Dougherty et al., 2001] has such measurements at
very high priority for the mission. And, a greater understanding of SKR should come with
Cassini measurements on auroral field lines near or perhaps even in the source region.
As mentioned above, Voyager observations provided the first ‘definitive’ measurement of
the radio period of Saturn [Desch and Kaiser, 1981]. For the gas giants, knowing the radio
rotation period has been considered very important from a planetary perspective because,
ostensibly, this period is tied to the rotation of the core of the planet that supports the
magnetic field. Having such a basis allows for a basic period upon which to compare
the rotation period in clouds at various latitudes in order to compute wind speeds, for
example. Therefore, as a consequence of determining this period to be 10 h, 39 min, 24
± 7 s (10.657 h), Desch and Kaiser were able to determine a Saturnian longitude system
(SLS) defined by
λSLS = 810.76(t − t0 − 3.86× 10−11D)− R (1)
where t is the decimal time in days, t0 = January 1.0, 1980, D is the observer–Saturn
distance in kilometers, and R is the observer right ascension (epoch 1980) in degrees.
Since λSLS increases with time, it is a westward longitude. Other determinations by
Carr et al. [1981] and Godfrey [1990] arrive at slightly different periods, but all within
the Desch and Kaiser error bar. The International Astronomical Union/International
Association of Geodesy/Committee on Space Programs and Research Working Group on
Cartographic Coordinates and Rotational Elements of the Planets and Satellites [Davies
et al., 1996] have defined the ‘official’ sidereal period as 10 h, 39 min, 22.4 s (10.656222 h)
corresponding to an angular velocity of 810.7939024◦/d.
However, because of its very good sensitivity, the Ulysses unified radio and plasma wave
instrument has the capability of detecting Saturn from very large distances, hence, Ga-
lopeau and Lecacheux [2000] have been able to measure the rotation rate based on a
very long time scale (823 days compared to the 267–day span used by Desch and Kaiser
[1981]). Their very surprising result is a period which is as much as 1% longer than that
obtained by the Voyager measurements and which has statistically significant variations
on time scales of a year. This obviously presents a problem for the interpretation of the
radio period as that of the planetary core rotation period, not to mention the difficulties
which arise in tracking a consistent longitude over periods of a month or more.
Galopeau and Lecacheux [2000] suggest that the variation may be due to the connec-
tion of the SKR source to the Kelvin–Helmholtz instability on the morning flank of the
magnetopause [Galopeau et al., 1995]. In particular, they suggest that the motion of the
source zone on the magnetopause can induce variations of the order a few percent in the
apparent radio period. However, they further conclude that one might expect that such
drifts should cancel out over long periods of time.
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More recently, Zarka and Cecconi [2001] have pointed out that the Solar wind velocity is
commonly observed to have an asymmetric sawtooth form, and show that the convolution
of this type of motion of the source region at the magnetopause with the underlying
planetary rotation can, indeed, result in an average periodicity which does not average
to the planetary rotation period. In fact, they point out that a detailed analysis of the
periodogram would show a peak at both the rotation period and a secondary peak with
a somewhat longer period. These two peaks would form a single one at lower resolution
at a somewhat larger period than that of the rotation.
Another issue dealing with the periodicity of the Saturn kilometric radiation is the reports
of an apparent control of the emission by Dione [Desch and Kaiser, 1981; Kurth et al.,
1981b; Warwick et al., 1981, 1982; Gurnett et al., 1981a; Genova et al., 1983]. This effect
manifested itself during the Voyager 1 flyby in the form of missing SKR episodes when
Dione was at a particular phase in its orbit, specifically when the wispy terrain was in
the sunlit hemisphere, suggesting that enhanced plasma production from sputtering and
photoionization or electron impact might briefly block radio emissions from the equatorial
region. However, the so–called Dione effect was transient, and when it did re–occur, the
phase was different and in some cases the period was not consistent with the orbital
period of Dione [Genova et al., 1983]. Genova et al. generally conclude that these types
of variations in the SKR spectrum have a more complex explanation involving more than
Dione including variations in the SKR source. Zarka et al. [2001b] argue on the basis of
a generalized Bode’s law for Solar system radio sources that Dione has a too small cross
section with Saturn’s magnetic field to influence SKR in any significant way. Furthermore,
should Cassini, on the basis of longer term measurements, demonstrate that the effect is
truly there, then it would imply a significantly larger cross section for Dione (of order 10)
due, perhaps, to a substantial intrinsic magnetic field or an extended exosphere [Zarka
et al., 2001b]. The extended tour of Cassini in Saturn orbit will provide the length of
observations required to establish the existence (or not) of the control of SKR by Dione
(or any other of the satellites, for that matter). Furthermore, should an effect be found,
the Cassini data can determine the nature of the phase shift observed by Voyager as well
as investigate the magnetospheric interaction with Dione and the other satellites such
that a model for the interaction can be developed.
Other temporal changes in the Saturnian kilometric radiation are due to variations in
the Solar wind as illustrated in Figure 4. These were first reported by Desch [1982] and
studied further by Desch and Rucker [1983]. In particular, there is a strong positive corre-
lation between the SKR intensity and the Solar wind ram pressure. This correlation was
demonstrated in an extraordinary way during brief immersions of Saturn in the distant
Jovian magnetotail, which served to sharply reduce the plasma flux impinging on Saturn’s
magnetosphere [Desch, 1983]. This correlation with Solar wind input will serve to be very
important to the Cassini studies of the Saturnian magnetosphere in general. Given that
there will not be a Solar wind monitor at Saturn, Cassini will be unable to directly mea-
sure the Solar wind conditions when it is situated within the magnetosphere. Likewise,
Cassini will not have in situ measurements of the magnetosphere when it is near apoapsis
in its orbit while it is measuring the Solar wind. The remotely sensed SKR emission in-
tensity offers one tool for measuring the state of the magnetosphere even when it is in the
Solar wind. (Energetic neutral atoms observed by the Cassini Magnetospheric imaging
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Figure 4: The correlation between Solar wind ram pressure and SKR intensity. [Figure from
”Saturn as a Radio Source,” by M. L. Kaiser et al., in Saturn, edited by T. Gehrels and M.
Matthews. Copyright c© 1984. The Arizona Board of Regents. Reprinted by permission of the
University of Arizona Press.]
instrument (MIMI) [Krimigis et al., 2001] and visible and UV imaging of auroral emis-
sions by the imaging science instrument (ISS) [Porco et al., 2001] and ultraviolet imaging
spectrometer instrument (UVIS) [Esposito et al., 2001], respectively will give additional
information.) Similar measurements of the terrestrial auroral kilometric radiation have
been shown to be effective proxies for the auroral electrojet index and other information
on magnetic activity at Earth [Voots et al., 1977; Murata et al., 1997; Kurth et al., 1998;
Kurth et al., 2001a; Khan et al., 2001]. Most recently Gurnett et al. [2001a] have used
observations of Jovian hectometric radiation to demonstrate the effect of interplanetary
shocks on the Jovian magnetosphere and to demonstrate the importance of Solar wind
variations on magnetospheric dynamics at Jupiter. (Numerous studies had previously
explored correlations between the Solar wind and various Jovian radio emissions; see the
review by Zarka [1998] and references therein.) Hence, it will be important to build on
the Voyager studies of the correlation between the Solar wind and SKR in order to use the
SKR intensity as an indicator of Solar wind variations while Cassini is within the magne-
tosphere. Such correlations will be critical to understanding the role of the Solar wind in
the dynamics of the Saturnian magnetosphere, should they be discovered by Cassini.
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Figure 5: An example of narrowband electromagnetic emissions observed by Voyager 1.
2.2 Low frequency emissions
2.2.1 Narrowband electromagnetic bands
Gurnett et al. [1981b] reported on the existence of a complex set of narrowband elec-
tromagnetic emissions in the frequency range of 3 to 30 kHz at Saturn (see Figure 5).
These emissions are reminiscent of escaping continuum radiation at Earth [Kurth et al.,
1981a] and Jupiter [Gurnett et al., 1983]. In all three cases, it is generally believed that
such emissions are generated via mode conversion from electrostatic upper hybrid waves
on density gradients near the inner magnetosphere. In the case of Saturn, Gurnett et al.
[1981b] pointed out that the spacing of the narrowband radio emissions was in some cases
similar to the electron cyclotron frequencies near the orbits of Tethys, Dione, and Rhea,
suggesting that the source of the emissions could be related to the magnetospheric interac-
tion with these moons. In fact, the banded radio emissions which originate at Ganymede’s
magnetosphere [Gurnett et al., 1996; Kurth et al., 1997a] are perhaps Ganymede’s coun-
terparts to these emissions, if indeed they are related to an unusual situation near these
Saturnian moons, including the production of plasma or even the possibility of a satellite
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magnetosphere. While the band spacing is certainly suggestive of a source at the orbits of
these moons, it is not conclusive. Hence, a primary objective for Cassini is to determine
the source of the radio emissions, and should they be generated as a result of the mag-
netospheric interaction between the magnetosphere and Tethys, Dione, or Rhea, then to
understand that interaction and how it might result in the generation of radio emissions.
2.2.2 Continuum radiation
At Earth, the narrowband escaping continuum radiation is understood to simply be an
extension of the non–thermal continuum radiation which, at lower frequencies, is trapped
within the magnetospheric cavity, or trapped continuum radiation [Gurnett, 1975]. In
fact, at Saturn, there is also evidence of trapped continuum radiation as shown in Figure 6
[Kurth et al., 1982]. These emissions are weak and diffuse, extending upward from the
presumed local electron plasma frequency in Saturn’s magnetosphere in the range of a few
hundred Hz to a few kHz. Hence, these waves are important if only because they provide
the opportunity to accurately determine the electron density from their low–frequency
cutoff. An issue, however, is whether they are, like those at Earth, directly related to the
narrowband emissions discussed above, or a distinctly different emission. The answer is
largely related to whether the moons are the source of the narrowband emissions or not
since it is unlikely that plasma frequency in the vicinity of the orbits of the icy satellites
is as low as a few hundred Hz.
2.3 Radio emissions associated with lightning
2.3.1 Saturn Electrostatic Discharges
Other prominent radio emissions observed by the Voyager planetary radio astronomy in-
vestigation near Saturn are short, broadband bursts called Saturn electrostatic discharges
(SED) [Warwick et al., 1981, 1982; Zarka and Pedersen, 1983]. These bursts have a mean
duration of 55 ms but range from less than 30 ms to 450 ms. The spectrum is basically
flat from 1.2–40 MHz but the low–frequency cutoff is variable. The average power per
unit frequency in the bursts ran from ∼60 W Hz−1 during the Voyager 1 encounter to
about 6 W Hz−1 during the Voyager 2 encounter. Given that the bandwidth is at least
40 MHz, the average total power is between about 2× 108 and 2× 109 W but can exceed
1010 W in strong events.
The SED were observed episodically by the two Voyager spacecraft while they were in the
near vicinity of Saturn. By using the occurrence of SED as a function of time and fre-
quency, Kaiser et al. [1983] were able to demonstrate that most of the bursts originated in
the Saturnian atmosphere from presumably a storm which extended some 60◦ in longitude
but less than 4◦ in latitude. Burns et al. [1983] also concluded that lightning could be the
source of the SED. In this model the variability in the low–frequency cutoff of the bursts is
due to the ionospheric cutoff between the source and the observer, a feature which makes
the study of this cutoff an important method for sounding the ionospheric density over a
wide range of locations [Zarka, 1985a]. In order to carry this out, however, it is necessary
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Figure 6: Trapped non-thermal continuum radiation at Saturn [Kurth et al., 1982].
to determine the location of the source on the planet [Zarka, 1985b]. Cassini offers the
possibility to do this for individual bursts using its direction–finding capability.
There remains some controversy over atmospheric lightning as the source for the SED [c.f.,
Hunten, 1985]. Cassini should be able to investigate such concerns and, with its direction–
finding capabilities, clearly identify the source of SED. As to the question of lightning, in
general, Voyager did not find clear evidence of lightning whistlers. This is possibly due to
Voyager not crossing near field lines connected to lightning in the atmosphere or to the fact
that dust impacts close to Saturn tended to mask other naturally occurring phenomena.
Cassini’s orbital tour should carry the spacecraft to all but the smallest L–shells and
at high enough latitudes where dust impacts should not be an issue. The detection of
lightning whistlers would provide additional information of the existence of lightning and
near simultaneous detection of whistlers and direction–finding of SED should further tie
the SED to lightning.
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2.3.2 Lightning at Titan?
Voyager 1 planetary radio astronomy measurements placed an upper limit on the energy
release (per flash) of lightning on Titan at 106 J assuming an occurrence rate similar
to that on Earth. This limit was based on the brief Voyager 1 flyby [Desch and Kaiser,
1990]. Due to its superior sensitivity and the opportunity to make more than 40 very close
flybys, Cassini has a better opportunity to observe lightning on Titan which is either weak,
infrequent, or both. Lammer et al. [2001] discuss the possibility for lightning in Titan’s
atmosphere and the prospects for its detection by Cassini. The RPWS would be a key
instrument for its detection via radio emissions.
3 Questions to be addressed by Cassini
We look forward to Cassini’s arrival at Saturn in 2004 to extend our knowledge of Saturn
as a radio source. While not complete, the following are questions and issues which are
raised by our current state of understanding of Saturnian radio emissions:
1. Is there a non–axisymmetric component of the planetary magnetic field which is
responsible for the strong modulation of Saturn kilometric radiation? If so, quantify
the asymmetry. (Obviously, the Cassini MAG instrument will play a fundamental
role in this objective.)
2. What is the explanation of the ∼1% variation in the radio period recently reported
on the basis of Ulysses observations? Can the Galopeau and Lecacheux [2000] (Zarka
and Cecconi [2001]) model be verified? Given this, can we extract the rotational
component of the periodicity from the combined effects of rotation and the Kelvin–
Helmholtz instability on the magnetopause?
3. Does the Kelvin–Helmholtz instability on the magnetopause drive SKR as proposed
by Galopeau et al., [1995]? Improve existing knowledge of the source location of
SKR and its relationship to the auroral zone and distant magnetosphere and/or
magnetopause.
4. What is the fine structure of Saturn kilometric radiation and how does this constrain
the generation mechanism?
5. Is there a “Dione effect,” and, if so, what is its mechanism? Is SKR influenced by
any other satellites?
6. To what extent can Saturn kilometric radiation be used as a proxy for magnetic
activity at Saturn and how well is it correlated with Solar wind input? Is the
Saturnian magnetosphere dynamic? If so, how do the dynamics of the Saturnian
magnetosphere compare with those of Earth?
7. What is the source of the low–frequency narrowband radio emissions and are these
related to the trapped continuum radiation? If these are related to any of the icy
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satellites, what is the nature of the magnetosphere–satellite interaction which causes
these emissions?
8. Are any of the icy satellites or Titan the source of radio emissions?
9. Is atmospheric lightning the source of SEDs? If so, use them to characterize the
occurrence of lightning in Saturn’s atmosphere.
10. What does the source location and low–frequency cutoff of Saturn electrostatic
discharges tell us about the spatial and temporal variations of ionospheric plasma
densities at Saturn?
11. Are there lightning whistlers due to lightning in Saturn’s atmosphere?
12. Is there lightning on Titan?
A more complete listing of overall Cassini RPWS objectives including plasma waves,
thermal plasma, and dust measurements can be found in Gurnett et al. [2001b]. Blanc
et al. [2001] address Saturn kilometric radiation objectives in the context of the broader
Cassini magnetospheric objectives.
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